[3H]thymine during chloramphenicol-induced amplification in E. coli strain C600 (9). Supercoil DNA was isolated by Brij lysis followed by buoyant density centrifugation in ethidium bromide/CsCl. Radioactive Hybridization Conditions and Data Reduction. Nucleic acids were denatured at 990 and incubated in 0.12 M phosphate buffer (PB)/0.2% sodium dodecyl sulfate at 600 or an equivalent criterion (6). As judged by sedimentation in denaturing gradients (4), degradation of RNAs did not occur during hybridization reactions. Reactions were assayed by HAP at 600 in 0.12 M PB/0.2% sodium dodecyl sulfate or at 400 in urea/ phosphate (UP), by RNase treatment followed by Sephadex G-200 chromatography (13), or in CsCl/guanidinium chloride buoyant density gradients (11, 12) . Various kinetic functions were required to fit the data as indicated in the text. Least squares solutions to the experimental parameters of these functions were obtained with the aid of a computer.
rate constant for the driver DNA. This retardation was also observed in pseudo-first-order hybridization reactions driven by excess strand-separated RSF2124 DNA. It was concluded that the rate constant for RNADNA hybridization depends partially on which species is in excess. Studies of RNA-DNA hybridization kinetics carried out in RNA excess (1) and in sequence equivalence (2) have shown that the rate constant for hybridization differs by less than 20% from the DNA renaturation rate constant. However, other reports in the literature indicate that in conditions of DNA excess the tate of hybridization is several-fold lower than the rate of renaturation of the driver DNA in the same reaction mixture (e.g., refs. 3 and 4). These seemingly contradictory data suggest a dependence on DNA/RNA ratio that is not expected for a simple collision-dependent process. The present experiments were undertaken to explore this effect in well-defined experimental systems. We find that relative retardation of DNA-RNA hybridization can be demonstrated convincingly with phage and plasmid nucleic acids, and in this communication report some of the circumstances under which this result can be obtained.
MATERIALS AND METHODS
Preparation of Nucleic Acids. The preparation, shearing, and sizing of Escherichia coli DNA, bacteriophage kX174 DNA, and OX174 (+)strand RNA have been described previously (1, 4, 5) . Details of the preparation and shearing of sea urchin (Strongylocentrotus purpuratus) DNA and oocyte RNA (rRNA) have also been published (1, 6, 7 [3H]thymine during chloramphenicol-induced amplification in E. coli strain C600 (9) . Supercoil DNA was isolated by Brij lysis followed by buoyant density centrifugation in ethidium bromide/CsCl. Radioactive (4) .
Hybridization Conditions and Data Reduction. Nucleic acids were denatured at 990 and incubated in 0.12 M phosphate buffer (PB)/0.2% sodium dodecyl sulfate at 600 or an equivalent criterion (6) . As judged by sedimentation in denaturing gradients (4), degradation of RNAs did not occur during hybridization reactions. Reactions were assayed by HAP at 600 in 0.12 M PB/0.2% sodium dodecyl sulfate or at 400 in urea/ phosphate (UP), by RNase treatment followed by Sephadex G-200 chromatography (13) , or in CsCl/guanidinium chloride buoyant density gradients (11, 12) . Various kinetic functions were required to fit the data as indicated in the text. Least squares solutions to the experimental parameters of these functions were obtained with the aid of a computer.
Empirical Expressions for DNA Excess Hybridization Kinetics. When excess double-stranded DNA is reacted with a single-stranded tracer, the rate of the tracer-driver hybridization reaction depends on the rate of disappearance of the single-stranded driver DNA. An empirical expression accurately describing the disappearance of single-stranded regions during the renaturation of randomly sheared DNA is Morrow (14) and ourselves (5) by measuring the appearance of SI nuclease-resistant DNA during renataration. S6bi&f the physical parameters that probably underlie the form described by Eq. 1 were analyzed in earlier papers of this series (5, 15).
We showed there that the reactivity of single-stranded regions of DNA on molecules that also contain duplex structures is significantly less than that of free DNA strands of equivalent length. This inhibition can be expressed as a factor (E) modifying the nucleation rate constant and for the fragment lengths used here its value is about 0.5 (15) . The inhibition factor is called E in the following derivation. We now consider the reaction of a tracer with excess DNA, in which the rate constant for the reaction of the tracer with the driver, kR, is different from the rate constant for the driver DNA renaturation. The tracer, for example a labeled RNA, is present initially as single-stranded molecules whose concentration we shall term Ro, while R is the concentration of single-stranded tracer molecules remaining at any time in the reaction. The tracer may react with totally single-stranded driver molecules whose concentration is C, and also with single-stranded regions associated covalently with duplex regions. The concentration of these single-stranded sequences is (S -C), where S and C have the same meaning as in Eq. 1. Thus, for the rate of tracer reaction,
This expression is directly analogous to Eq. Xexp~kD (1 -n) 4 Eq. 4 is used to fit the DNA excess hybridizations presented in Fig. 1 A-E of this paper. The values of kR shown in Table 1 were extracted from the data by least squares methods, with n set at 0.45 (5) and E at 0.5 (15) . The values of kD listed in Table 1 and used for the determination of kR were determined independently by least squares methods by application of a second-order function (Eq. 1 in ref. 5 ) to the driver renaturation data.
RESULTS AND DISCUSSION
Relative retardation of DNA-excess RNA hybridization These reactions were analyzed in UP, which prevents binding of unhybridized RNA to the column while not affecting the binding of DNA-DNA duplexes (13) . Table 1 shows that kR for this reaction is 4.8-fold lower than kD for the renaturation of the RSFZ124 DNA. To determine whether this effect could be an artifact of UP/HAP assay procedure, a similar set of reactions was analyzed for hybrid formation by isopycnic sedimentation in CsCl/guanidinium chloride gradients (11, 12 (Fig.  1 A and F) , and in several experiments not included here in which the mean RNA fragment length exceeded 1500 NT. The RSF2124 RNA was about 850 NT long. We believe the -75% terminations often observed in DNA excess RNA hybridization (3-5) result from shorter RNA fragment lengths, as in the experiments shown in Fig. 1 C-E . Fig. 1B shows that the retardation of RNA hybridization relative to DNA renaturation is also observed with E. coli nucleic acids. A third method of measuring hybrid formation is also shown in Fig. 1B . The reaction mixtures were treated with ribonuclease under conditions in which unhybridized RNA is destroyed but hybrids are spared. The hybridized J3H]RNA was then detected by exclusion from Sephadex G-200 (13) . While the kinetics of a reaction monitored in this manner are not strictly comparable to those monitored by isopycnic sedimentation or binding to HAP, it is obvious that the hybridization reaction is retarded relative to the driver DNA self-reaction. The complexity of the E. coli genome is about 400 times greater than that of the RSF2124 genome. It is striking that the ratio kD/kR = 4.2 for the E. coli reactions is nonetheless about the same as for the RSF2124 reactions. Note that the driver DNA concentration in Fig. 1B is up to 40 times higher than in Fig.   1A .
A third example is shown in Fig. 1C . This figure illustrates the kinetics of hybridization of a (+)strand RNA tracer with excess OX174 RF DNA as measured by the UP/HAP method. Table 1 shows that the rate constant for the DNA renaturation is in this case 3.0 times greater than that for the RNA-DNA hybridization. The inset shows an RNA excess hybridization reaction between exactly the same nucleic acids, reproduced from an earlier study (1) . We showed there that the pseudofirst-order rate constant for the reaction of the RF [3HJDNA tracer with excess (+)strand DNA is not distinguishable from the rate constant for the reaction of the same RF [3H]DNA tracer with excess (+)strand [32P]RNA driver. Fig. 1 A-C demonstrates that regardless of the method of hybrid assay the hybridization reactions appear slower than the renaturation reactions even at the start. They do not begin at the DNA renaturation rate and then become progressively retarded. This argues against the possibility that the retardation is due to the buildup of DNA hyperpolymers formed as the driver renaturation reaction proceeds (15) .
Effect of nonhomologous nucleic acids
In Fig. iD an experiment similar to that illustrated in Fig. iC is shown, except that a large excess of sea urchin rRNA was added to the reaction mixtures. Both the RF DNA renaturation rate and the hybridization rate were measured, as before. The purpose of this experiment was to determine whether the kinetics would shift to the nonretarded RNA excess rate when the total RNA concentration was brought to 40 times the DNA concentration. However, as Table 1 shows, neither kD nor kR was affected by the addition of rRNA. The inset in Fig. 1D NT I-strand [3HJDNA with a 20-fold excess of the same driver was monitored in separate reactions. Both sets of data are analyzed as pseudofirst-order functions, i.e., by use of Eq. 2 in ref. 1. rate of the reaction. We conclude that the difference in the rates of DNA excess and RNA excess hybridization depends on the relative concentrations of complementary nucleic acids rather than on the total nucleic acid concentrations.
The experiments reviewed so far demonstrate that the relative retardation of the hybridization reaction is quantitatively similar over a range of two orders of magnitude in driver nucleic acid concentration and complexity (Table 1) . It thus appears that this retardation stems directly from a decrease in the rate of nucleations through-which complementary hybrid strand pairs are formed. This is also the implication of the observation noted above that the initial rates of the hybridization reactions are low relative to the driver DNA renaturation rate.
Temperature effect In Fig. lE is shown the kinetics of a DNA excess hybridization reaction employing the same OX174 nucleic acids as were used in Fig. 1 C and D . This reaction, however, was carried out at 700 rather than 600, in the same ionic strength buffer. As expected, the rate constant for DNA renaturation is not changed by this temperature shift ( Table 1 ). The terminal amount of hybridization is about 60% rather than the 65-70% observed in the other kX174 reactions. However, the rate constant for DNA-RNA hybridization at 700 is increased by a significant factor. Thus for the reaction of Fig. 1E , kD/kR is only 1.9. A similar result was reported earlier (16, 17) . This result cannot be explained simply as an effect on the RNA, e.g., the unwinding of inhibitory secondary structure. The inset shows an RNA excess reaction also carried out at 70°. If Fig. 1A , or with 1-strand DNA tracer. The h-strand DNA cannot renature with itself and these reactions follow pseudo-first-order kinetics, as shown (1) . Thus the values of kR shown in Table 1 were obtained by the use of Eq. 2 in ref. 1 . The DNA-RNA reactions could not be assayed by the UP/HAP method as shown in Fig. IF . This is because DNA-RNA hybrids bind to HAP in UP only by virtue of covalently linked DNA-DNA duplex regions. 1 1 Instead isopycnic sedimentation was used to monitor hybrid formation. This experiment shows clearly that the hybridization reaction is retarded even with strand-separated DNA. Table 1 shows that the amount of retardation is just the same in this case as when double-stranded RSF2124 DNA driver is used. This result appears to rule out conclusively homologous DNA strand competition as an explanation for the relative retardation of the DNA excess hybridization reaction. CONCLUSIONS These studies show that the nucleation rate for RNA-DNA hybrid formation depends on which of the complementary nucleic acids is in excess. Our experiments were carried out with concentration ratios of DNA to RNA > 150, and we find that in standard conditions the rate constant for RNA-DNA hybrid formation is always 3-to 4.5-fold lower than the rate constant for DNA renaturation, or for RNA excess RNA-DNA hybrid formation.
This behavior represents a striking departure from the elementary expectation for ideal collision-dependent kinetics. At the concentrations employed there must be many collisions between complementary nucleic acids other than those resulting ultimately in formation of stable strand-pairs. A 
